Abstract: Wireless two-way interferometry (Wi-Wi) is the simplified version of "carrier phase based two-way satellite time and frequency transfer," wherein a wireless communication technology is used instead of a satellite communication technology. We used the carrier phase of a 2.4 GHz ZigBee module to measure the variation of two rubidium clocks at remote sites. Since clocks in the ZigBee module are much less precise than rubidium clocks, the carrier phase of the ZigBee signal cannot be used to compare two rubidium clocks in a simple manner. Using a technique to cancel the clock error of transmitters, we demonstrated picosecond-level precision measurement of the time variation of clocks between two remote systems. This synchronization technique at picosecond-level precision opens the door to low-cost wireless positioning at millimeter accuracy.
Introduction
Time synchronization plays an important role in our lives. Many areas of information and communication technologies, for example, modern computer networks and wired and wireless communication networks require precise time synchronization. Similarly, infrastructures such as smart grids and positioning systems require time synchronization, which shows how critical it is to have a properly synchronized system.
Today, increasingly more devices are being equipped with wireless communication capabilities, and our goal is to demonstrate that commercial communication modules are already capable of synchronization at picosecond (ps)-level precision after making minor changes to their digital circuits. That is, devices can also be "synchronized" rather than just "connected". Time synchronization using wireless communication modules has been overlooked because recent communication technology is based on desynchronized methods such as serial communication.
In this paper, we demonstrate how to monitor the clock difference at ps-level precision by measuring the carrier phase of transmitted signals. We show how to embed time synchronization in the protocol of wireless communication networks.
The principle of Wi-Wi is the comparison of the clock time between two remote sites using the transmitted wireless signals. To cancel the propagation delay, we employ the two-way time transfer (TWTT) technique [1] that was originally used in satellite time and frequency transfer (TWSTFT). Later, carrier-phase TWSTFT (TWCP) [2] was developed to measure the variation of time at a much higher precision. TWCP gives higher precision in tracking the variation of the time reference but it only tells us the variation from the initial measurement since the carrier phase itself does not contain precise time information. Wi-Wi is a combination of TWTT and TWCP. It can be used for precise node localization as well as time synchronization. In this paper, we only focus on the synchronization aspect, using the principles of TWCP.
Experiment
In this section, we introduce the concepts of TWTT and TWCP using our experimental setup.
Two-way time transfer (TWTT) technique
We describe the concept of the TWTT technique using our experimental setup, as shown in Fig. 1 .
Two identical systems are set up at sites A and B. Each site is equipped with a stable clock, transmitter, receiver, and computer. In this paper, we denote time as T and the time interval as t. We denote the time of clock A as T A and the time of clock B as T B . The difference between T A and T B , t c T B À T A , is calculated as follows.
Transmitter X at site A sends T T x A to site B. The receiver at site B receives the signal at T R x B after a propagation delay, t d . The time difference t B , between reception at site B (T R x B ) and transmission at site A (T T x A ) is expressed as
To cancel the propagation delay t d , we also transmit T T x B to site A and record the time difference from T R x A as t A :
Assuming that variations in t c and t d during the round trip of wireless communication are negligible, we subtract eq. (2) from eq. (1) and calculate t c as
This is the basic concept of TWTT and has already been demonstrated in [1] .
Carrier phase two-way time transfer (TWCP)
TWCP uses the carrier phase of the transmitted signal instead of the time signal. Equation (3) can be rewritten using a measured phase,
where f 0 is the carrier frequency, c is the phase difference between clocks A and B, and A is the phase advance of the transmitted signal after the propagation from B to A. Likewise, B is the phase advance of the transmitted signal after the propagation from A to B. Since the measured phase can only be obtained as modulo 2, natural number M c should be separately determined in order to measure t c . One can, however, still measure t c repetitively, and the variation from the initial measurement can be tracked when the variation of c between adjacent measurements is guaranteed to be smaller than π. This has already been demonstrated in [2] .
TWCP using commercial transmitter
In this experiment, we used commercial, off-the-shelf transmitters for TWCP. These transmitters are cheaper and users need not go through a cumbersome authorization process to use them. However, since their internal clock is less stable than a rubidium clock, they cannot be used to compare two rubidium clocks from two remote sites in a simple manner. By measuring the phase of the same signal at the transmitter as well as the receiver side and subtracting the phases, the transmitter clock error can be cancelled. Using this technique, we were able to compare the two rubidium clocks belonging to the two remote sites. The calculation method is described in detail in the following sections.
Experimental setup
As shown in Fig. 1 , each site consists of a personal computer (PC), a wireless communication module, a software-defined radio with two receivers, and a rubidium clock. We used a 2.4 GHz ZigBee module (MoNoStick: Mono Wireless Inc.)
that was connected to the PC through a USB cable. The software-defined radios (USRP-2942: National Instruments) were referenced to the 10 MHz generated by the rubidium clock (SIM940: Stanford Research Systems) through a coax cable. The PC and USRP were connected by a PCI Express (PCIe) cable. We assigned separate channels to each ZigBee module in the two locations for the sake of simplicity. The USRP has two Rx channels: channel 1 received the signal from the transmitter at the same site and channel 2 received the signal from the other site. ZigBee communication is based on IEEE 802.15.4 (2450 MHz) PHY, which employs offset quadrature phase-shift keying (O-QPSK). The USRP digitizes the baseband in-phase (I) and quadrature (Q) 16-bit signals at a rate of 4 MSample/s and sends them to the PC via the PCIe cable. The PC was used to decode the signals, symbol by symbol, by taking the correlation of 16-chip sequences. The phase was measured for each symbol and the average of all the unwrapped symbol phases, representing the phase of each packet, was recorded.
Calculation procedure
The time sequence of Wi-Wi is illustrated in Fig. 2 . Clocks X and Y are built into the transmitters and are usually much less stable than a rubidium clock.
Commercially available wireless modules have a drawback that originates from the fact that each wireless module has its own clock (clock X), and the transmitted carrier phase is not easily synchronized with the clock of the transmitting site (clock A). To eliminate the phase difference between clock X and clock A, the carrier phase of the transmitted signal was measured at both sites. The difference between the two measured phases reflects the phase difference between clocks A and B. The phase of clock B with respect to clock A, B ðN Þ, was measured using transmitter X, and the phase of clock A with respect to clock B, A ðN Þ, was measured using transmitter Y as Finally, the time difference t c is calculated from eq. (4).
This t c has ambiguity of M c . By determining M c by a separate technique, one can calculate t c . Even if M c is unknown, one can still unwrap the repetitive measurement of phase to determine the variation of time from the beginning of the measurement by keeping track of the change in M c from the initial measurement. Fig. 3 shows the experimental results. We measured the clock variation over a 5 min interval. Sites A and B are separated by about 40 cm. Transmitters X and Y transmit the signals alternately at a rate of approximately 10 times per second. Fig. 3 shows the case in which the antennae were stationary. The clock difference, plotted in red, varied by about 2 ns over the 5 min interval, which is reasonable for rubidium clocks. The propagation delay, plotted in blue, varied by less than 10 ps with a standard deviation of 2.2 ps. This 2.2 ps deviation indicates the measurement limit of our 2.4 GHz ZigBee Wi-Wi system. By connecting the same clock at the two sites (clock A = clock B), we can directly determine the measurement noise of t c , and we verified that the noise had the same deviation of 2 ps.
Results
We used unwrapped º to calculate t c and t d , as already mentioned in the previous section. The unwrapping worked well because the variation between adjacent measurements was much smaller than 0.4 ns which corresponds to 2 in phase. The important point here is that since we use very stable clock for comparison, the measurement need not to be frequent. One measurement per second is good enough with the rubidium clocks. 
Conclusion
We demonstrated that we can monitor the variation of the clocks and the propagation delay of two remote communication devices by repeatedly measuring the carrier phase of the transmitted signal. When the signal propagation environment is favorable and the clocks are stable, Wi-Wi can achieve ps-level precision. Because we used off-the-shelf transmitting devices, the licensing procedure is unnecessary. Therefore, this setup is suitable for the research and development phase of applications.
Outlook
Our technique should be immediately useful for the synchronization of two remote clocks at ps level precision. Some of the applications of this technique include the synchronization of wireless networks and smart grids, time-and position-tagged data logging of sensors, and monitoring of the shape and tilt of buildings. In this study, we used 2.4 GHz ZigBee modules, but the concept of Wi-Wi can be easily adapted to any wireless system which may employ various band and modulation schemes.
